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Solar Collector with Image-Forming Mirror Cavity
to Irradiate Small Central Volume

BACKGROUND

The NASA Glenn Research Center and the University of Alabama,
Huntsville (UAH), Dept. of Physics has been actively involved in
research areas dealing with the concentration of solar energy and the
generation of high temperature plasma research. While working on
Marshall Space Flight Center’s “Shooting Star” project, personnel at
UAH, the NASA Glenn Research Center (GRC) and Northland Scientific
Inc. (NSI) were engaged in the design and test of a unique refractive
secondary solar concentrator for the “Shooting Star” thermal
propulsion engine. As a result of this collaboration the idea evolved
that a similar secondary solar concentrator might be used to generate
temperatures high enough to either create or sustain a plasma which in
turn could be used to heat a gaseous propellant to produce thrust. It
was decided at that time that NSI optics personnel would evaluate how
a new design secondary concentrator might be used in conjunction with
the UAH Solar Lab’s primary concentrator to produce solar flux
concentrations high enough to evaluate and/or demonstrate the concept.
It was further believed that such a device could also be utilized for
high temperature materials research since specimens could be heated to
ultra high temperatures.

vVarious secondary concentrator optical designs and configurations were
considered by NSI that would produce the maximum concentration of
solar energy. The design that was selected was one that would not
only maximize solar concentration but would minimize infra red heat
loss from the high temperature plasma or heated material specimen.
The following report is intended to provide the researcher with all
the information needed to fully understand the underlining theory and
proper operation of the hardware provided.

INTRODUCTION

The UAH Solar Laboratory collector of ten-foot diameter, nine-foot focal
length in Fig.l(a) focuses a 2-inch diameter sun image containing five
kilowatts. Preceding this focal plane, a lens in Fig. 1(b) focuses a
smaller sun image 1.37 inches diameter at the inlet hole of a mirror
cavity. An important task of the lens is to focus two image planes at
prescribed positions, the sun at the cavity entrance, and the collector
at the junction of the ellipsoid and hemisphere cavity surfaces. The
right half of the cavity is an ellipsoid reflector that focuses a
smaller final image of the 1.37-inch sun image. The beam converges
within a hemisphere solid angle to the image. The image is 2.8 inches
away from the nearest cavity surface to minimize mirror dirtying by a
heated target placed at the image. To the left of the ellipsoid a
hemisphere mirror has its center of curvature at the image. Any rays
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going from the target to the hemisphere mirror are reflected back to it
to reduce radiated power loss.

Reference 1 describes nonimaging optical concentrators for a solar
primary collector. These applications do not heat a target to
incandescence, or place the target at a distance from the optical
surfaces that are held to ambient temperature. To reach a high target
temperature, its thermal radiation power loss must be minimized. These
requirements led to the present design of an image forming optical
systemn.

Solar Collector
10’ Diameter
9' Focus (2" Diameter Image)

— Lens

Mirror Cavity

Figure 1l(a) Solar Collector with Mirror Cavity, Overall Ray Path
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Secondary Solid
Crystal Concentrator

Collector Sun Image (2 inch diameter) is
Reduced by Lens to1.37* Diameter

Final Sun Image

0.567 Diameter

on Axis
Light From
Primary
Concentrator

Ellipsoid Mirror
) 4.83" Semi-Major Diameter
Hemisphere Mirror 4.395" Semi-Minor Diameter

40"R

Figure 1(b) Ray Path in Cavity with Lens Focal Planes

For an ideal collector of nine-foot focal length, the sun image subtends
0.53 degrees, giving an image diameter of 1.0-inch. Collector aberration
gives a maximum irradiance on axis and a smaller value at the 2-inch
diameter. This aberrated distribution is preserved by the image-forming
lens and cavity of Fig.1l. The lens and cavity re-image this distribution
at the final image. The report calculations use an average uniform
distribution.

DESIGN AND ANALYSIS

IMAGE VOLUME IRRADIATED
A ray trace in Fig.2 has two focal points on opposite edges of the 1.37-
inch sun image at the lens surface. A ray from each point on the sun
image to one point on the ellipsoid is the cross-section of a cone

containing all rays from the sun image to that point on the ellipsoid.
After reflection from the ellipsoid the cone cross-secticon at the target

NASA/CR—2001-211072 3



is an illuminated elliptical area. The target volume has cross-sections
shown in the table for three incident angles 8 of 0, 45 and 90 degrees.
The sections can all contain a spherical volume 0.567-inch diameter that
receives rays from the ellipsoid over a hemisphere solid angle 2n
steradians. The larger beam cross-section at angles greater than zero
degrees provides a tolerance for axial position of the target. A
tolerance for transverse position is provided by a smaller target such
as 0.5 inches used for examples in this report.

Secondary Solid
Crystal Concentrator

Light From — )\f
e e -

Primary e
Concentrator \7)4?

e
o l
ODeg | O
f Sagittal 1
}_ Magnification 0.41 |
| Taraet 0567 0.6
. Targe A
: ; {0.567 (0.
l C.ross-Sectlon N
. Diameters |
| S i
Figure 2 Image Cross Sections to Define Irradiated Volume

Flux reflected or emitted from the target to the ellipscid is focused at
the lens. The lens may be coated to reflect some flux back to the
ellipsoid and the target for a flux loss reduction as shown in Fig.3.
For maximum efficiency the lens surface is concave. A ray path from the
edge of the ellipsoid to the lens is reflected and focused to the

opposite edge.
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Image Point
for Reflected Rays

Transmitted Rays

Concave Lens
Surface R = 7.95"

Source Point
Figure 3 Concave Lens Surface

TARGET SELECTION

The cavity was designed for maximum irradiance on a spherical volume in
a gas. The performance analysis is derived for a flat opaque plate 0.5-
inch diameter as the first application of the cavity.

If the target 1is semi-transparent, solar rays that it transmits are
reflected back by the hemisphere mirror, giving a subtended solid angle
4n steradian of incident flux. Within the 0.567-inch diameter sphere the
flux density is a maximum. At larger diameters up to 0.968 inch, the
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solid angle subtense and flux input is smaller. Reference 2 compares
imaging and non-imaging systems to produce irradiance levels equal to
the sun surface. The non-imaging system irradiates over a hemisphere
solid angle with high efficiency. The image forming system in Fig. 2(a)
irradiates a semi-transparent spherical volume over a spherical sold
angle at reduced efficiency because some rays are outside the volume.
Thus the irradiance level in the volume is ideally twice that at the sun
surface.

If an opaque sphere such as a plasma is the target, the solar rays are
incident over 2mn steradians. The sphere can radiate over 2n steradians
to the hemisphere mirror that reflects the rays back to the sphere. This
reduces the flux loss by thermal radiation.

If an opaque flat surface is placed at the image, the solar rays are
incident over 2m steradians, but the projected flat surface area goes to
zero in the direction of its own plane. This reduces the intercepted
solar flux by 0.5, and the other half missing the target is reflected
back to the lens. The lens transmits part of the flux to the collector
as a loss. The lens also reflects the other part of this flux to the
ellipsoid and to a focus where it started next to the target. This flux
misses the target and is also a loss.

Smoothness of the flat surface has no significant effect because the
optics subtend a hemisphere on both sides of the surface. The edge of a
flat surface receives flux from n steradians, half as much as the flat

surface.
FLAT TARGET FLUX LOSS

Analysis uses the ray paths in Fig. 4 to define the reflection and
transmission symbol subscripts used in the equations. Before reaching
the target, the incident power ray path in Fig. 4(a) shows transmission
loss T at the two lens surfaces which include reflection by a coat on
lens surface 2 , absorption loss by the gquartz lens, and reflection loss
by the ellipsoid mirror coat. The uncoated lens surfaces have a
transmission factor 0.97, The quartz lens has a spectral transmission
factor plotted in Fig.5. The solar spectrum at air mass 1.5 in Fig.6
includes the air absorption over a path length 1.5 the vertical path.
The spectrum has very little flux past 2.4 micron where the quartz
absorption begins, so the transmission factor in quartz is 1.0. The
ellipsoid mirror coat of protected silver has an average reflectance of
0.96. The target also intercepts and absorbs flux directly from the lens
that would otherwise go to the ellipsoid, so it is not a loss.

Flux reflected or emitted from the target is reflected and focused back
to it by two paths in Fig. 4{(a): to the hemisphere; and to the
ellipsoid, lens, ellipsoid. This returned flux is necessary to produce a
high target temperature. The returned flux is reduced by: 1) Reflection
factor of the mirror and lens surfaces. 2) Beam blocking by probes for
the target and measuring instruments. 3) Target image blur causes some
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focused rays to miss the target at its edge.

9)

target that causes its image to be shifted from the target edge.
the center of the spherical volume,
produced because the cavity re-images the peaked irradiance distribution

at the collector

focus,

affected by cavity surface fabrication error that causes image blur.

Light From
Primary
Concentrator

A 4

IncdentPowerPo

Figure 4{(a)
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Solar Input and Reflection

Position error of the

Near

a further increase of irradiance 1is
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Figure 4(b) Ray Paths In Cavity; Target Radiation and Reflection
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BEAM BLOCKING BY PROBE

The target may be supported by a probe, in figure 4(b), from the cavity
wall near the plane of the hemisphere and ellipsoid edges. The probe
intercepts a fraction of the beam area for the beam going between the
ellipsoid and the lens surface. A probe .25 inch diameter, 3.5 inches
long has an area 0.02 of the 8-inch diameter beam area. This is a
transmission factor Tpue =0.98 for one pass. The probe also intercepts
the beam converging to the target from the hemisphere or from the
ellipsoid, giving tp. This blocks the beam in a solid angle that is a
fraction of the hemispherical solid angle 2n steradian. The total
interception depends on the distance of each probe segment from the
target. The transmission factors are approximately 0.99 for a probe
subtending 25 degrees in the azimuth and radial directions.

FLAT TARGET IMAGE BLUR WITH HEMISPHERE

A flat target and its image formed by the hemisphere are shown by the
ray trace in Fig. 7(a). A point source at the edge of a 0.5 inch
diameter target is focused at the opposite edge as shown in detail by
the enlarged view. An important condition is that the object and image
are always on the same target plane that can move axially relative to
the mirror. For the image point to fall on the target edge, the target
must be circular or a polygon with an even number of sides for symmetry.
The best focus of the target edge has the target 0.002 inches from the
center of the hemisphere.

The target must be accurately centered, since transverse displacement
causes its image on the target to move in the opposite direction. This
causes a flux loss that can set a position tolerance. For example, a
target shift of 0.01 inch moves the image 0.02 inches from the target
edge. This is a fractional flux loss 0.02/0.5 or four percent giving a
transmission factor 1. = .96,

The ray trace display of the blur diagram in this example includes rays
that fill the hemisphere except for the area within 6 degrees from its
edge. This angle contains one percent of the flux from a flat surface.
The rays for flux calculation are distributed over the hemisphere
aperture by the Zemax program as a tangent function that has fewer rays
near the aperture edge. This corrects for the large angle of incidence
on a flat target that reduces its projected area and makes each ray
represent the same fraction of total flux.

The flux lost by image blur at the target edge is measured by
integration vertically across the blur spot in Fig. 7(a). The Zemax
graph of edge response in Fig. 7(b,c) is an integral over the blur spot
from R=0 to R. The cross-hatched area under the curve at a radius
greater than 0.25 is the flux loss. This area is measured and set equal
to the rectangle with amplitude 1.0 and width AR. The width AR is an
annulus inside the circular target representing flux loss. Then the flux

NASA/CR—2001-211072 11



loss gives a transmission factor for the hemisphere with image blur

1

sy 21— ———
v

Blur Spot
Diagram

-l

-~ Plane Through
Hemisphere Centerline

Object and Image Plane
Coincide

Figure 7{a) Hemisphere Image Blur; Ray Trace

T = (R-AR)?%/R® (1)

The edge response curve and Ty change with axial position of the target
plane (this is plotted in figure (7c)}). The maximum, 0.97, is at a

distance 0.002 inches, which is also the hemisphere centerline position.
An axial shift of -0.005 inch reduces the transmission factor from 0.97
to 0.92, a reduction of five percent. This graph is useful for choosing

an axial position tolerance that depends on the importance of the
transmission factor.
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FLAT TARGET IMAGE BLUR WITH ELLIPSOID

The same analysis used for the hemisphere is shown for the ellipsoid in
Fig. 8. An important difference shown by the ray trace display is that
the target image point returns to the source point. Transverse movement
of the target has a large tolerance.

0.082

}

Blur Spot
Diagram

Figure 8(a) Ellipsoid Image Blur; Ray Trace

An intermediate image formed at the lens 1is very large but it lies
within the lens surface. The final image spot has a height twice the
hemisphere image spot.

The Zemax program displaced the off-axis image point -0.0025 inches away
from the ellipsoid on axis focus. The axial deviation curve shows an
optimum position to be away from best focus by -0.006 for a total -
0.0085 inch. Adding zero distance contributed by the hemisphere, the
optimum target thickness is 0.0085 inch, and its mid-point is 4.004 inch
from the hemisphere. The target thickness can be increased on the
ellipsoid side by moving the lens surface away from the cavity. For a
thickness increase to .032 inch, the lens distance increases by 0.069
inch., For a thickness increase to .062 inch, the lens distance increases

by 0.141 inch. In both examples the image edge response curve is
improved.
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At the optimum target position, -0.0085 inch, the transmission factor is
7z = 0.93. An axial deviation of 0.003 inch from this point has a
transmission factor Ty = 0.90, a reduction of three percent.

The cavity surface ripple causes image blur. For one milliradian slope
of the ripple at a 3 inch distance to the target the ray deviation at
the target is 0.006 inch. The rms diameter of this blur spot can be
combined with the rms diameter of the focus blur spot as an rms of their
two diameters in the radial direction.

TEMPERATURE OF FLAT TARGET WITH NO INFRARED REFLECTION LENS COAT

Power Absorbed by Target

The incident power Py from the collector in Fig.1l(a) 1is within a cone
half-angle 29 degrees and a 1 inch radius image. The image radiance is
simplified with an average over its area, and an integrated wavelength
spectrum, The power is converted to beam radiance N where Po=ntN (nR?) sin@
giving

N = Po/[n(n1?) sin?(29 deg)] watts/in? steradian (2)
The power focused on a target area by the ellipse subtends a hemisphere.
This incident power within an area of radius R less than the maximum
2R=0.567 inch in Fig. 2(a), including transmission and reflection loss
with the lens coat 1. (A) is

Py = TyTT: (M) ToTe,nePy [MN (AR?) 5in?(90 deg)] watts (3)
The input power absorbed by the target material is a fraction . A
reflected part 1-00 goes to the ellipsoid, then focuses to its image at
the lens, then reflects to the ellipsoid and is again focused on itself
to recover otherwise lost power, The multiple passes accumulate as

binomial series (1 + x + x? + x> + x' ---) with the sum [1/(1l-x)].

The fraction F of power P, Eg. (3), absorbed by the target including an
increase by multiple passes is derived in Appendix I, giving

F=o {1/(1 - (1-0)py P2 (M) TeTe, ueTe] } (4)
The power absorbed is
PA = PIF (5)

The reflecting surface at the lens may be modified by a low reflectance

NASA/CR—2001-211072 18



coat, or by a hot mirror multilayer coat to reflect infrared at long
wavelengths and transmit solar flux at short wavelengths. In this case
the fraction of solar power recovered will depend on T.(AMand p:(A) at
each wavelength.

Thermal Power Radiated From Target

Thermal power is emitted from each side of a flat target of Fig. 4(b)
into a hemisphere solid angle. The spectral power is given by the Planck
function for a blackbody at temperature T, and area with radius R inches
as

P, = 37405(n(2.54R)%]/ (A°[exp(14388/AT)]} watt (6)

Integration over wavelengths from 0.3 to 4 microns is does not include
some power at longer wavelengths. This power is included by use of the
Stefan-Boltzmann integral of the Planck function at all wavelengths

Pp = 5.6697E-12 [m(2.54R)?] T* watt (7)

The power difference Pyg-P; is added in a computer program at the 4 micron
wavelength of Eq. (6).

This power loss is reduced by surface emittance € = «., Further loss
reduction is provided by the target reflectance (1-a), treated as
independent of wavelength and temperature. Radiation from the target
surface facing the hemisphere is reflected and focused back to another
point on itself. Part of this reflected radiation is absorbed by a, the
other part 1-0 is again reflected to the hemisphere and has multiple
passes before the reflected power becomes small.

The reduced fraction F, of power P, emitted to the hemisphere is derived
in Appendix II, giving

Fi = a {1 - Ka{1/[1 - K(1 - a)]}} (8)
where K = pyTpTylc.

The other side of the target in Figure 4(b} radiates to the ellipsoid,
then focuses to its image at the 1lens, then reflects back to the
ellipsoid and is again focused on itself. The image blur transmission
factor T; = 0.87 and probe interception factors Tpw = 0.98 and T, = 0.99
are applied. The reflecting surface at the lens may be only a low
reflectance coat, or a hot mirror multilayer coat to reflect infrared
and transmit solar flux at shorter wavelengths as was described for
solar flux. In this case the fraction of power recovered will depend on
p. at each wavelength, which is a more complicated analysis. The reduced
fraction F; of power P emitted is derived in Appendix II, giving

NASA/CR—2001-211072 19



F; = afl - Ka{l/[1 - K(1 - a)]}]} (9)
where K = pPuTele, P2 (M) Te.
The total power loss is

P = P;Fy  + P;F» (10)

A Fortran-22 program was written to find the target temperature T for
any value of solar power, target absorption @, and mirror reflection
factor py. Also input is an edge wavelength 2.0 micron and filter
reflectance 0.03 to match a silica lens not coated. The target
temperature makes the thermally emitted power Pg ,Eq. {10) equal to the
absorbed solar power Pn , Eq. (6). Results are plotted in Fig. 9 for
target absorption of 0.1 and 0.9.

INCREASED POWER ON FLAT TARGET OF GIVEN TEMPERATURE

With Infrared Reflection Coat on Lens

Some radiation escapes the through the lens in Fig. 4 along the ray
path in dashed lines. A hot mirror dielectric multilayer ccat on lens
surface 3 can strongly reflect the longer wavelengths where the total
emitted target power to the ellipsoid is greater than the total
absorbed solar power. This increases the power incident on the target.

Equations 2 through 10 are written as functions of wavelength, from .3
to 4 microns in steps of 0.05 micron. The filter spectral curve is a
step function known as an edge filter. At the edge wavelength the
filter changes from low reflection to a high reflection at longer
wavelengths. The filter edge wavelength is then varied to find the
greatest increase of target temperature over the value with no filter.
The Fortran-22 program finds the target temperature as the edge
wavelength is varied. The graph in Fig. 10 shows the temperature gain
for a target 0.5-inch diameter vs the filter edge wavelength.
Comparison of three values of sun power input and three values of
target absorption factor show the edge wavelength 1.4 micron is useful
for an absorption factor greater than 0.5. For all absorption factors
an average edge wavelength is 1.6 micron. The maximum temperature gain
is four percent with the absorption factor 0.9.

In another application the target temperature is fixed, and the excess
sun power absorbed is extracted from the target to perform a task. A
Fortran-22 program was written with the target temperature input and
the excess power as output. Results plotted in fig. 11 show a small
power increase with the filter at a target temperature 2700 K or
greater.
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ALIGNMENT OF TARGET IN CAVITY

Alignment of the target is most direct by an optical path through the
lens. Using the ray trace in Fig. 1l(b), the target as viewed is about
23 inches from the first lens surface. Transverse position relative to
the hemisphere is shown by the reflection of light from

the target edge to its image focused at the opposite edge by the
hemisphere. For axial position the image of a bright cross can be
focused on the target, and its image reflected from the hemisphere
will have maximum contrast at the correct position.

ELLIPSE EQUATIONS

Given the hemisphere reflector radius R = 4 in Fig. 1(b), find the
ellipse axes of length A and B. The ellipse equation is

x?/a? + y?/B? = 1 (11)

To find the constant A in the figure note that the sum of distances from
the object and image to any point on an ellipse is 2A. Using the 45-
degree triangle the sum of lengths is

(22 + 1) R = 2R, or (12)
A= 1.207107 R

The length B in Fig.l (b) using an isosceles triangle is
B2 = A? - R%/4, or (13)

B = 1.096841 R

CONCLUDING REMARKS

The present cavity and lens design is for a spherical target that
could be either opaque or semitransparent. The performance analysis
was made using a flat circular target. A similar analysis would apply
to a spherical or hemispherical target. The optimum cavity and lens
design can depend on the chosen target shape and size. An optimum flat
target may have a different absorption coefficient on the two sides.
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APPENDIX I. POWER INTO TARGET

Power incident on a circular target is given by Eq. (3) as P;. A
fraction absorbed by the target is

P1=P1(1
Incident power P, not absorbed is reflected by 1-a back to the
ellipsoid, past the probe, reflected by the lens, ellipsoid, and then
to the target where a fraction o is absorbed, increasing the total
power absorbed by

P2 = P;(1-a)Ka
where transmission along the light path is K=pyTeTe, seP2PuTe -

The power P2 not absorbed 1is also reflected as before, increasing the
total absorbed by

P3 = Pi(1-a)K({l-a)Ka

This cycle is repeated until the power added goes to zero. The total
power absorbed is

P1l+P2+P3+P4+ -—— or,
P, + P, (l1-a) Ko
+ P; {(1-a)K{1-0o)Ka
+ P, (1-o)K(1-0)K(1-a)Ka
4. ———
Combining terms, the total absorbed power is
Pafl + (1-a)K + (1-0)?K® + (1-a)’K’ + ---]
This Binomial series in braces has a solution
1/{1-(1-a)K]
The fraction of P, absorbed by the target is
F=o0a {1/(1-(1-a)K] }
APPENDIX II. THERMAL POWER RADIATION FROM TARGET
Power P, emitted from each side of a circular blackbody target at
temperature T is given by Eq.(6). The power emitted is reduced by the

emittance € = 0 to be

Pl = Py
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HEMISPHERE
The emitted power Pl is reflected by the hemisphere mirror to an image
point on the circular target, where a fraction @ is absorbed to reduce
the total radiation loss. The power absorbed is
P2 = P.a Ka

where K = puTeTyTc |

A power fraction 1l-a is reflected to the hemisphere and back to the
target where a fraction a is absorbed. The power absorbed is

P3 = [P:aK(l-0)] K«

This path is repeated until the power goes to zero. The total power
loss is reduced to

pl-pP2-pP3-P4-, --- or,
P.aa - P, Ka
- P K{(1-a) K«
- Poo K{(1-0) K(1-0) Ka

Combining terms the total power loss is
P {1-RKo[l+K(1-a)+K>(1-a)?+ ---]}

The Binomial series term in braces has a solution 1/(1-K(1-a)). The
fraction F, of power P; that is a loss is

F, = o {1-Ko{1/[1-K(1-a)]}]}
Ellipsoid

The power emitted from the target side facing the ellipsoid is given
by Eq.(6). The power emitted is reduced by the emittance € = & to
become

Pl = P,
The emitted power is reflected by the ellipsoid mirror past the probe
to the lens surface, reflected back to the ellipsoid, reflected to the

target, where a fraction & is absorbed. This increases the total power
absorbed by

P2 = P K&

where K = PuTelo, uePPuTe
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The remaining equations are identical to those above giving F, for the
hemisphere, with a different K.
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